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DUHLQGHHGDEOHWRLQGXFHH[WUHPHO\KLJKWHPSHUDWXUHVDWWKHLUUDGLDWHGDUHDW\SLFDOO\PRUHWKDQ&DFFRUGLQJ
WR WKHPDWHULDOKHDGLQJWRDQLUUHYHUVLEOHPHFKDQLFDOGDPDJHRI WKHLQIOLJKWGHYLFHWKDWFDQOHDGWRD ORVVRI LWV
FRQWURORUHYHQWRLWVGHVWUXFWLRQ8QGHUVWDQGLQJWKHDEVRUSWLRQGLVWULEXWLRQRIWKHODVHUEHDPZLWKLQWKHPDWHULDOLV
DOVR RI SULPH LPSRUWDQFH WR DOORZ IRU D FRUUHFW DQG SUHFLVH FRPSUHKHQVLRQ RI WKH GHWHULRUDWLRQ SURFHVV DQG WR
LQFUHDVHDZDUHQHVVDERXWSURWHFWLQJSHRSOHIURPWKLVDHULDO WKUHDW ,Q WKLVVHQVH WKHRSWLFDOEHKDYLRURIVWUXFWXUDO
DHURQDXWLFPDWHULDOV HVSHFLDOO\*)53 WKDW SUHVHQW D FRPSOH[ GLIIXVLQJVFDWWHULQJ LQWHUDFWLRQ LV H[SORUHG LQ WKLV
SDSHU
:KHQ FROOLPDWHG OLJKW LQWHUDFWV ZLWK D JODVV FRPSRVLWH PDWHULDO PXOWLSOH VFHQDULRV FDQ RFFXU )LUVW OLJKW LV




ILEHUVRUDEVRUELQJSDUWLFOHV LQ WKHUHVLQVHH)LJXUH7KXVSKRWRQVDUH W\SLFDOO\VFDWWHUHGVHYHUDO WLPHVEHIRUH
WKH\HLWKHUDUHDEVRUEHGRUH[LWWKHPDWHULDODWWKHWRSEDFNVFDWWHULQJRUWKHEDFNVLGHGLIIXVLRQRIWKHVDPSOH
0XOWLSOH VFDWWHULQJ \LHOGV WR DQ DUELWUDU\ GLUHFWLRQ RI WKH SURSDJDWLRQ RI WKH SKRWRQV OHDGLQJ WR D GLIIXVH OLJKW
SURSDJDWLRQZLWKLQ WKH VDPSOH$JDLQ VXUIDFH UHIOHFWLRQ FDQ RFFXU IRU LQWHUQDO GLIIXVH OLJKW WKDW WULHV WR H[LW WKH
PDWHULDO &RXSOHGZLWK WKH LQLWLDO VSHFXODUO\ UHIOHFWHG OLJKW OLJKW WKDW HPHUJHV IURP DERYH WKHPDWHULDO LV FDOOHG
JOREDOUHIOHFWDQFHZKHUHDVOLJKWWKDWHPHUJHVIURPWKHEDFNVLGHRIWKHVDPSOHLVFDOOHGWUDQVPLWWDQFH
$VUHVXPHGE\6LPPRQVDQG3KLOLSV,QYHUQL]]LHWDOVHYHUDOLQWHUDFWLRQVPRGHOVGHDOZLWKGLIIXVH
UHIOHFWDQFH VSHFWURVFRS\ HDFK RI WKHP FRQVLGHULQJ LWV RZQ DVVXPSWLRQV DQG GHULYDWLRQV 7KH ILUVW PRGHOV
KLVWRULFDOO\ FRQVLGHUHG D WZRIOX[ DSSURDFK DQG YHU\ VLPSOLILHG DVVXPSWLRQV $PRQJ RWKHUV DQG GHYHORSHG





SDUDOOHO LOOXPLQDWLRQ,Q WKHV WKHFRQWULEXWLRQRIFRPSXWHU WHFKQRORJLHVKHOSHGPDQ\DXWKRUV WREXLOGXSVRPH




WKHRU\ FRQVLGHU WKHSDWKRIHDFK VLQJOHSKRWRQDQG LWVSUREDELOLW\ WREH VFDWWHUHGRU DEVRUEHGE\DSDUWLFOH IURP
DQRWKHUQDWXUH1HYHUWKHOHVVIRXUIOX[DQGQXPHULFDOPHWKRGVDUHYHU\GHOLFDWHWRVROYHDQGDFFRUGLQJWRWKHDLP
RI WKLV VWXG\ WKDW LV WRSURYLGH D ILUVW HYDOXDWLRQRI DEDVLF DQDO\WLFDOPRGHO WR GHVFULEH WKH RSWLFDO EHKDYLRXURI
W\SLFDO WXUELG FRPSRVLWH PDWHULDOV VXEPLWWHG WR DQ LOOXPLQDWLRQ RQO\ WZRIOX[ WKHRULHV DUH IRU WKH PRPHQW
FRQFHLYDEOH
6LQFH WKH HDUO\ V WKH .XEHOND0XQN WZRIOX[ UDGLDWLYH WUDQVIHU PRGHO KDV EHHQ ZLGHO\ XVHG LQ PDQ\
UHVHDUFK DUHDV IRU GHVFULELQJ WKH RSWLFDO SURSHUWLHV RI LQKRPRJHQHRXV PDWHULDOV $ZLGH YDULHW\ RI PDWHULDOV DV
SDLQWVSDSHUSLJPHQWHGSRO\PHUVRUFRDWLQJVKDYHEHHQVXEPLWWHGWRWKLVVLPSOHRQHGLPHQVLRQDOOLJKWSURSDJDWLRQ
DSSURDFKDQGVDWLVIDFWRULO\HYDOXDWHG9DUJDVDQG1LNODVVRQ7KH.XEHOND0XQNWKHRU\DOVRNQRZQDVWKH
IOX[GLIIHUHQWLDO HTXDWLRQPHWKRG LV E\ IDU WKHPRVWZLGHO\ DSSOLHG WKHRU\EHFDXVH RI LWV VLPSOLFLW\ 6LPPRQV
+HQFH WKHOLJKWGLIIXVLRQZLWKLQWKHWXUELGVDPSOHLVGHVFULEHGLQ WHUPVRI WZRDUELWUDU\FRQVWDQWVUDWKHU
WKDQPXOWLSOHIXQGDPHQWDORSWLFDOSDUDPHWHUV
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.XEHOND DQG0XQN  SURSRVHG D V\VWHP RI GLIIHUHQWLDO HTXDWLRQV EDVHG RQ D VLPSOLILHG PRGHO RI OLJKW
SURSDJDWLRQ LQ D GXOO SDLQWHG OD\HU WKDW LV SDUDOOHO WR D VHPLLQILQLWH SODQH VXSSRUW 7KH\ DVVXPHG D WZRIOX[
DSSURDFKWRWKHJHQHUDOWUDQVIHUWKHRU\HDFKRIWKHIOX[EHLQJLVRWURSLFDQGVWDQGLQJIRUDQDYHUDJHUHSUHVHQWDWLRQRI
WKHOLJKWWUDYHOOLQJGRZQZDUGRUXSZDUGWKHWXUELGYROXPHDORQJWKHWKLFNQHVVD[LVDVKLJKOLJKWHGLQ)LJXUHD
7KHSURSDJDWLRQRIHDFKRSSRVLWH IOX[ LVFKDUDFWHUL]HGE\ WZRQRQSK\VLFDOSDUDPHWHUVDVFDWWHULQJFRHIILFLHQW6
DQGDQDEVRUSWLRQFRHIILFLHQW.FRXSOHGLQWKHIROORZLQJHTXDWLRQV
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1HYHUWKHOHVV LQ RUGHU WR DOORZ VXFK D VLPSOH PRGHO LQ GHVFULELQJ WKLV FRPSOH[ SKHQRPHQRQ WKDW LV WKH












IURP D VSHFWURPHWHU VRXUFH LV LQGHHG QRW GLIIXVHG EXW FROOLPDWHG 1HYHUWKHOHVV WKLV DVVXPSWLRQ FDQ EH
DSSUR[LPDWHG LI WKHPDWHULDOSUHVHQWVDKLJKVFDWWHULQJHIIHFWRI WKH OLJKW\LHOGLQJ WRDGLIIXVH IOX[DIWHU WKHYHU\
LQLWLDO OD\HUV 0RUHRYHU WKH VFDWWHULQJ SDUWLFOHV RI W\SLFDO .XEHOND0XQN DSSOLFDWLRQV SUHVHQW XVXDOO\ VPDOOHU
GLPHQVLRQV WKDQ JODVV ILEHUV ZKLFK GLDPHWHUV FDQ YDU\ IURP  WR  P DVZHOO DV D JHRPHWU\ RWKHU WKDQ WKH
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WKH KHOS RI D QXPHULFDO FRQYHUJLQJ PHWKRG GHVFULEHG ODWHU LQ WKLV SDSHU 7KH YROXPH DEVRUSWLRQ RI WKH
KHWHURJHQHRXVPDWHULDOLVWKHQ
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+RZHYHU HTXDWLRQV  DQG  GRQRW FRQVLGHU VXUIDFH UHIOHFWLRQ DQG UHIUDFWLRQ WKDW RFFXUZKHQ OLJKW SDVVHV
IURPWKHVXUURXQGLQJPHGLXPWRWKHVDPSOHRUUHYHUVHO\VHH)LJXUHE7KHVHERXQGDULHVSKHQRPHQDDUHGXHWR
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7KLV LQWHJUDOZDV HYDOXDWHGDQDO\WLFDOO\E\:DOVK 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 IRU D VDPSOHRI UHIUDFWLYH LQGH[Q LQ D VXUURXQGLQJ
PHGLXPRIUHIUDFWLYHLQGH[QDQGLVJLYHQE\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,Q WKLVFDVH WKHUDWLRRI UHIUDFWLYH LQGH[ LVQ QQDV WKH OLJKWJRHVRXW IURPWKH LQVLGHRI WKHVDPSOH WR WKH
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%HFDXVHRIWKHFROOLPDWHGQDWXUHRIWKHLQFRPLQJOLJKWRIHLWKHUWKHODVHURUWKHVSHFWURPHWHULWLVQRWJXDUDQWHHG
WKDW OLJKWSURSDJDWLRQZLWKLQWKHWXUELGPDWHULDO LV WRWDOO\GLIIXVHHVSHFLDOO\ LQ WKHILUVWSOLHVDQGIRU WKLQVDPSOHV
ZKHUH OLJKWPD\QRW LQWHUDFWZLWKHQRXJKLQKRPRJHQHLWLHVDORQJLWV WUDYHO WKURXJKWKHWKLFNQHVV WRHQVXUHDJRRG
GLIIXVLRQ 7KH LQWHUQDO VXUIDFH UHIOHFWLRQ FRHIILFLHQW UG DOVR OLHV EHWZHHQ D PLQLPDO UHIOHFWDQFH YDOXH UH DQG D
PD[LPDOUHIOHFWDQFHYDOXHUGPD[0ROHHQDUHWDO
7KLVVXUIDFHUHIOHFWLRQFRUUHFWLRQVFDQWKHQEHLPSOHPHQWHGLQWKHJHQHUDO.XEHOND0XQNWKHRU\DFFRUGLQJWRWKH
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UHIUDFWLYH LQGH[ RI WKH PDWHULDO DQG WKH .XEHOND0XQN VFDWWHULQJ DQG DEVRUELQJ FRHIILFLHQWV 2QFH WKH UDWLR RI
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
0DWHULDODQGPHWKRGV
7HVWVZHUHSHUIRUPHGXVLQJD W\SLFDODHURQDXWLFDO*)53PDWHULDO VXSSOLHGE\+H[FHO&RPSRVLWHV 5HI0
 7KH ODPLQDWH FRQWDLQV  RI (JODVV UHLQIRUFHPHQW ILEHUV ZLWK GLDPHWHUV RI  P ZRYHQ LQ D 
+DUQHVV6DWLQ DQGKLJKSHUIRUPDQFHHSR[\PDWUL[7KH\ZHUHFXWRXWZLWKGLPHQVLRQV[PPIURPSODWHV
ZLWK   RU  SOLHV IHDWXULQJ DOO WKH VDPH RULHQWDWLRQ 6RPH EDVLF HYDOXDWLRQV HQDEOH WR HVWLPDWH WKH PHDQ
WKLFNQHVVRIDVLQJOHSO\DWPPDQGWKHGHQVLW\RIWKHFRPSRVLWHDWJFP
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3.1. Optical characterization 
7KHFKDUDFWHUL]DWLRQRIWKHLQWHUDFWLRQRIWKH*)53PDWHULDODQGOLJKWZLWKYDU\LQJZDYHOHQJWKVZDVFDUULHGRQ
XVLQJDGRXEOHEHDP899LV,5VSHFWURPHWHU$JLOHQW&DU\DQGDQLQWHJUDWLQJVSKHUHWRFROOHFWWKHGLIIXVH
OLJKW DW WKH WRS DQG DW WKH ERWWRP RI WKH VDPSOH 3ULRU WR PHDVXUHPHQWV WKH XVH RI  DQG 
UHIOHFWLRQWUDQVPLVVLRQ VWDQGDUGV ZDV UHTXLUHG WR FDUU\ RQ D VSHFWUDO FDOLEUDWLRQ RI WKH RSWLFDO V\VWHP 9DOXHV
DYHUDJHG RQ D PV WLPH LQWHUYDO RI WKH JOREDO GLIIXVH UHIOHFWDQFH DQG WUDQVPLWWDQFH IRUZDYHOHQJWKV DW  QP
LQWHUYDOVZHUHREWDLQHGIURPQPWRQPRQD[FPVSRWVDPSOHVRIHDFKWKLFNQHVVZHUHPHDVXUHG
WKUHHWLPHVRQERWKVLGHVZLWKYDU\LQJRULHQWDWLRQDQJOHVWRHQVXUHDJRRGUHSURGXFLELOLW\RIWKHPHDVXUHPHQWV





7KH FRQYHUJLQJPHWKRG LV EDVHGRQ D YHU\ VLPSOH DSSURDFK )LUVW RI DOO D VHW RI GDWDEDVH LV FRPSXWDWLRQDOO\





UHVXOWV IRU HDFK VLQJOH VDPSOH WKLFNQHVV 7KLV VROXWLRQ FDQ EH VROYHG FRPSXWDWLRQDOO\ RU JUDSKLFDOO\ E\ WKH
LQWHUVHFWLRQRIERWKUHIOHFWLRQDQGWUDQVPLVVLRQFXUYHV
5HVXOWV
4.1. Spectrometer measurements 
*OREDO UHIOHFWDQFHDQG WUDQVPLWWDQFHPHDVXUHGZLWK WKHVSHFWURPHWHU IRU*)53VDPSOHVPDGHRIDQG
SOLHVDUHYLVLEOHRQ)LJXUHVDDQGEUHVSHFWLYHO\(DFKFXUYHVWDQGVIRUWKHPHDQH[SHULPHQWDOYDOXHZKLOH
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2QH FDQ GHGXFH WKH DEVRUSWLRQ RI WKH VDPSOH IURP WKH UHIOHFWDQFH DQG WUDQVPLWWDQFH PHDVXUHPHQWV 7KH
DEVRUSWLRQRI*)53DFFRUGLQJWR WKHZDYHOHQJWKRI WKHLOOXPLQDWLRQLVYLVLEOHRQ)LJXUHDQGPLJKWEHPDLQO\
JRYHUQHGE\WKHRSWLFDOSURSHUWLHVRIWKHSODVWLFPDWHULDODVFRPPRQJODVVILEHUVDUHXVXDOO\WUDQVSDUHQWIURPWR
QP7KHDEVRUSWLRQRI WKH OLJKWQHDU WKHXOWUDYLROHWGRPDLQ DURXQGQP LVSUREDEO\GXH WR WKHRUJDQLF


















VLQJOH VROXWLRQZKHUH6DQG.DUH LQDFFRUGDQFH IRUERWK UHIOHFWDQFHDQG WUDQVPLWWDQFHRUJOREDO UHIOHFWDQFHDQG






Equations (3) and (4) 
:LWKVXUIDFHUHIOHFWLRQV
Equations (12) and (13) 
6PP .PP 6PP .PP
     
     
     
'LVFXVVLRQ
$ FRPSDULVRQ EHWZHHQ WKH LQLWLDO .XEHOND0XQN WKHRU\ZKHUH RQO\ D YROXPH EHKDYLRXU LV DVVXPHG DQG WKH
PRGLILHG.XEHOND0XQNWKHRU\ZLWKVXUIDFHUHIOHFWLRQVFRUUHFWLRQVOHDGVWRWKHFRQFOXVLRQWKDWVXUIDFHUHIOHFWLRQV
FDQQRW EH RPLWWHG LQ WKH FDOFXODWLRQ RI WKH VFDWWHULQJ DQG DEVRUELQJ FRHIILFLHQWV 6 DQG . 0RUHRYHU ZKHUHDV
UHVROXWLRQVRIHTXDWLRQVIRU5DQG7DVZHOODV5¶DQG7¶PXWXDOO\DJUHHIRUVDPSOHVRIDQGSOLHVQDPHGWKLFN
VDPSOHV LQ WKH IROORZLQJ WKH VROXWLRQV RI HTXDWLRQV  DQG  RU  DQG  DUH QRW LQ DFFRUGDQFH IRU WKH






ZKHUHDV WKH LQVLGHGLIIXVH OLJKWIOX[PLJKW WDNHSUHFHGHQFHRYHU WKHFROOLPDWHG OLJKWIOX[IRU WKHDQGSOLHV
7KLVLVDOVRVKRZQE\WKHPRGLILHG.XEHOND0XQNWKHRU\ZLWKVXUIDFHUHIOHFWLRQVFRUUHFWLRQVWKDWDVVXPHVDGLIIXVH
OLJKWFRUUHFWLRQFRHIILFLHQWLQVLGHWKHVDPSOHOHDGLQJWRDHYHQKLJKHULQDFFXUDF\RIWKHPRGHO$VKLJKOLJKWHGLQWKH
VLPXODWLRQ WKH JOREDO UHIOHFWLRQ 5¶ DQG WKH JOREDO WUDQVPLVVLRQ 7¶ ZKHQ WKH QXPEHU RI SOLHV LV PLQLPDO DUH
GLYHUJLQJIURPWKHH[SHULPHQWDO UHVXOWVEHFDXVHRI WKHGLIIXVHVXUIDFHFRUUHFWLRQDW WKHWRSDQG WKHERWWRPRI WKH
VDPSOHZKLFKLQWKHUHDOLW\PLJKWYDU\EHWZHHQUFDQGUGPD[ZKHQWKHOLJKWIOX[LVQRWWRWDOO\GLIIXVH7KHOHQJWKRI
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WKHSOLHVVDPSOHVDQGLWVDVVLJQHGVFDWWHULQJHIIHFWLVDOVRQRWVXIILFLHQWWRHQVXUHDQLVRWURSLFOLJKWIOX[ZLWKLQWKH
PDWHULDO
7R WDNH LQWRDFFRXQW WKHFROOLPDWHG OLJKWGLIIXVLRQZLWKLQ WKHPDWHULDO VHYHUDOSRVVLELOLWLHV FDQEHFRQVLGHUHG




6 DQG . FRHIILFLHQWV IRU PDWHULDOV ZLWK IORDWLQJ RSWLFDO SURSHUWLHV WKURXJK WKH WKLFNQHVV EXW FDQ EHFRPH TXLWH
GHOLFDWH IOX[PRGHOV DV GHYHORSHG E\0XGJHWW DQG 5LFKDUGV  RU0DKHX  PD\ DOVR EH GHILQLWHO\
DSSURSULDWH WRDFROOLPDWHGLOOXPLQDWLRQEXW WKHXVHRI WKLVPHWKRGLQYROYHVWKHUHVROXWLRQRIIRXUHTXDWLRQVZLWK
WKUHHPRUHXQNQRZQVWKHDEVRUSWLRQDQGWKHVFDWWHULQJFRHIILFLHQWVRIFROOLPDWHGOLJKWDQGWKHVFDWWHULQJFRHIILFLHQW
RIGLIIXVH OLJKW WUDYHOLQJ LQERWKGLUHFWLRQV VR WRWDOOLQJ ILYHXQNQRZQV)XUWKHU H[SHULPHQWV DUHDOVR UHTXLUHG WR
FRPSOHWH WKH XQGHUVWDQGLQJRI OLJKW LQWHUDFWLRQZLWK*)53$PRQJ WKHP D VHFRQG.XEHOND0XQN H[SHULPHQWDO
VWXG\ZLWKQRQFRQYHQWLRQDOGLIIXVHLOOXPLQDWLRQWKDWEHWWHUVDWLVI\WKH.XEHOND0XQNWKHRU\DVZHOOLVFRQVLGHUHG
WRJHWPRUHH[SHULPHQWDOGDWDDQG WKXV WREHDEOH WRVROYHERWK WZRIOX[DQGIRXUIOX[UDGLDWLYH WKHRULHV2SWLFDO
LQYHVWLJDWLRQVRQ WKH UHVLQDORQHDQGRQ*)53VDPSOHVZLWKRQHWRHLJKWJODVV IDEULFVSOLHV LVDOVRFRQVLGHUHG WR
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